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Abstract
It has been argued that small corrections to evolution arising from non-geometric effects can resolve the information
paradox. We can get such effects, for example, from subleading saddle points in the Euclidean path integral. But
an inequality derived in 2009 using strong sub-additivity showed that such corrections cannot solve the problem. As
a result we sharpen the original Hawking puzzle: we must either have (A) new (nonlocal) physics or (B) construct
hair at the horizon. We get correspondingly different approaches to resolving the AMPS puzzle. Traditional com-
plementarity assumes (A); here we require that the AMPS experiment measures the correct vacuum entanglement of
Hawking modes, and invoke nonlocal A = RB type effects to obtain unitarity of radiation. Fuzzball complementarity
is in category (B); here the AMPS measurement is outside the validity of the approximation required to obtain the
complementary description, and a effective regular horizon arises only for freely infalling observers with energies
E ≫ T .
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1. Hawking’s puzzle
The no-hair ‘theorem’ tells us that black holes are
featureless; described by the Schwarzschild metric
ds2 = −(1 − 2M
r
)dt2 + dr
2
1 − 2M
r
+ r2dΩ2 (1)
Hawking [1] showed that such a hole radiates by pro-
ducing particle pairs. One member of the pair, in a mode
we label b, escapes to infinity. The other member c falls
into the hole. The crucial point is that b, c are in an
entangled state that we may write schematically as
|Ψ〉pair =
1√
2
(
|0〉b|0〉c + |1〉b|1〉c
)
(2)
The entanglement entropy S ent between the inside and
outside of the hole thus keeps growing, with the entan-
glement after N steps being
S ent = N ln 2 (3)
This is in sharp contrast to the behavior of a normal
body, where S ent starts to reduce after the halfway point
and reaches zero at the end of the evaporation process
[2]. For the black hole, the result (3) creates difficulties
near the endpoint of evaporation, a problem referred to
as the black hole information paradox. Fig.1 depicts
these different behaviors of S ent.
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Figure 1: (a) For a normal body, the entanglement of the body with
its radiation S ent at first rises, and then falls back to zero. (b) For
a black hole which has the Unruh vacuum at its horizon, S ent keeps
rising monotonically.
2. An attempt at a resolution: the idea of ‘approxi-
mate emergent spacetime’
String theory aims to yield a unitary theory of grav-
ity, but not all string theorists were overly worried by
Hawking’s argument. The idea of AdS/CFT duality [3]
seemed to provide a reason: if gravity was dual to a uni-
tary gauge theory, then how can there be a problem with
black hole radiation?
It is true that amplitudes for low energy processes in
gravity were reproduced by the dual gauge theory. But
when the energy reached the black hole threshold, peo-
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ple just wrote down the AdS-Schwarzschild metric to
describe the state. This was natural, since the no-hair
‘theorem’ seems to allow no other gravity solution. But
Hawking’s argument can be applied to this metric just as
it was applied to the Schwarzschild metric (1). So the
relativists were puzzled: won’t we again run into Hawk-
ing’s problem of monotonically rising entanglement?
In answer to this criticism, many string theorists be-
lieved the following: “The black hole is really described
by a field theory with some number n of unitarily evolv-
ing degrees of freedom, for example the gluons of the
CFT description. In the gravity description, spacetime
slices etc. are only an effective, approximate emergent
construct. Thus Hawking’s computation, which used
‘evolution using good slices across the horizon’, would
be only approximately correct. In particular, Hawking’s
computation seems to enlarge the effective Hilbert space
by the creation of new pairs. But the true description in-
volves a fixed number of bits n, so the created quanta
must be some complicated combinations of the already
existing bits. When we take such effects into account,
we should find that the radiation from the hole is unitary,
with an entanglement graph like fig.1(a).”
For concreteness, we summarize this belief in the fol-
lowing model of black hole evaporation:
(i) For r > 10M we assume that spacetime is flat with
normal, local physics. Quanta that escape to this region
are not modified further as they travel out to infinity.
(This is also what happens for the unitary evolution of
a piece of burning paper; photons that escape the paper
do not suffer any modification large enough to affect the
unitarity question.)
(ii) In the region r < 10M we write the traditional
metric of the hole, but assume that this spacetime is
only an effective, approximate concept. We can look
at one smooth spacelike slice through the horizon, and
study its evolution to the next slice where one b, c pair
is created (fig.2). Very nonperturbative processes, per-
haps involving geometries other than the black hole, can
contribute small corrections to this evolution.
(iii) The details of pair creation for one pair pro-
cess will be close to that given by semiclassical physics,
since otherwise there would be no meaning at all to the
black hole metric that we have written down. Thus we
create a b, c pair at this step of evolution, and the prop-
erties of these quanta should approximate the properties
expected from the semiclassical evolution.
(iv) There is however no requirement that we describe
accurately the creation of a large number of Hawking
b
c
r=2M rr=0
Figure 2: Creation of a pair in the approximate spacetime that emerges
from an n-bit system that is supposed to model the black hole. The
local vacuum on the lower slice evolves to contain an entangled pair
on the later slice.
pairs using such a semiclassical slicing. The error in the
semiclassical description of each pair is small, but these
errors can cumulate when we try to write the state for a
large number of pairs.
(v) The b quantum escapes to the region r > 10M,
representing the Hawking radiation at this step. This
radiation process is claimed to have the behavior appro-
priate to a normal body, with S ent given by fig.1(a) and
not fig.1(b).
If such a model were true, then Hawking’s puzzle
would be a non-puzzle from the start. After all, there
can always be small subleading corrections to a leading
order computation. If such corrections could alter the
graph of fig.1(b) to fig.1(a), then there would be no rea-
son to be overly concerned by the fact that Hawking’s
leading order computation gave the monotonically ris-
ing entanglement (3). In fact Hawking, in 2004, agreed
that there was a probably a resolution to his original
puzzle along similar lines [4]. He noted an argument
(related to one by Maldacena [5]) where the small cor-
rections could be attributed to the effect of subleading
saddle points in the path integral.
3. Failure of this approach: the strong subadditivity
argument
But in 2009, an inequality was derived, using strong
sub-additivity, which showed that any such model can-
not work [6, 7, 8]. In other words, the inequality showed
that no unitary model can approximate the black hole
spacetime well enough to describe approximately even
one step of Hawking pair creation. In outline, the proof
proceeds as follows:
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(a) Let the quanta emitted in emission steps 1, 2, . . .N
be denoted {b1, b2, . . .bN } ≡ {b}. The entanglement of
the radiation with the hole at step N is then
S N = S ({b}) (4)
where S (A) for any set A denotes the entanglement of A
with the remainder of the system.
(b) The bits in the hole evolve to create an ‘effective
bit’ bN+1 and an ‘effective bit’ cN+1. (The bit bN+1 has
not yet left the region r < 10M.) The entanglement of
the earlier emitted quanta {b} does not change in this
evolution. (If two parts of a system are entangled, and
we make a unitary rotation on one part, the entangle-
ment between the parts does not change.)
(c) The effective bits bN+1, cN+1 must approximate
the properties of the Hawking pair (2). In (2) we have
S (bN+1, cN+1) = 0, since the pair is not entangled with
anything else. We also have S (cN+1) = ln 2. Thus for
our model we must have
S (bN+1 + cn+1) < ǫ1 (5)
S (cN+1) > ln 2 − ǫ2 (6)
for some ǫ1 ≪ 1, ǫ2 ≪ 1.
(d) The bit bN+1 now moves out to the region r >
10M. The value of S ent at timestep N + 1 is
S N+1 = S ({b} + bN+1) (7)
since now bN+1 has joined the earlier quanta {b} in the
outer region r > 10M.
(e) We now recall the strong subadditivity relation
S (A + B) + S (B +C) ≥ S (A) + S (C) (8)
We wish to set A = {b}, B = bn+1, C = cN+1. We note
that these sets are made of independent bits: (i) The
quanta {b} have already left the hole and are far away
(ii) The quantum bn+1 is composed of some bits, but as
it moves out to the region r > 10M, it is independent of
the bits remaining in the hole and also the bits {b} (iii)
The quantum cN+1 is made of bits which are left back in
the hole. Applying the strong subadditivity relation, we
get
S ({bi} + bN+1) + S (bN+1 + cN+1) ≥
S ({bi}) + S (cN+1) (9)
Using (5),(6),(7) we get
S N+1 > S N + ln 2 − (ǫ1 + ǫ2) (10)
Thus for ǫ1, ǫ2 ≪ 1, the entanglement keeps growing in
the manner of fig.1(b) and cannot behave like that of a
normal body (fig.1(a)).
Thus we conclude that having an ‘approximate emer-
gent space-time’ instead of the smooth space-time used
in Hawking’s original calculation [1] does not resolve
the information paradox.
4. Consequences of the inequality (10)
The inequality (10) has very important consequences
for the information paradox:
(a) Hawking’s argument of 2004: In 2004 Hawking
[4] had suggested that subleading saddle points in the
path integral can contribute corrections that would re-
move the entanglement between quanta inside and out-
side the hole. But we now see that small corrections
cannot remove the entanglement, even if we allow these
corrections to arise from effects that do not appear geo-
metric in the original black hole space-time.
(b) Arguments using AdS/CFT: Many people had
come to believe that the idea of AdS/CFT duality im-
plied that information had to emerge in the Hawking
radiation. But (10) shows that this reasoning is not
correct. Below the black hole threshold, CFT corre-
lators are observed to agree with gravity correlators.
But the information paradox does not arise below the
black hole threshold. Above the threshold, people just
wrote down the AdS-Schwarzschild metric for the hole,
which has the same problem of rising entanglement as
the Schwarzschild hole. So how have we resolved the
problem?
People thought that the problem would be resolved
because AdS/CFT gave only an approximation to
the full AdS-Schwarzschild geometry. Leading order
physics of pair creation would have to be reproduced in
this approximation, because there is no meaning to writ-
ing the AdS-Schwarzschild metric if we cannot use it
even for the simple low energy process of creating one
pair. But there could be small corrections from non-
geometric effects at each step of pair creation, since
space-time was only an effective emergent notion. It
could then be hoped that the non-geometric correc-
tions would make S ent behave like fig.1(a) rather than
fig.1(b).
But the inequality (10) shows that this hope is false;
S ent would continue to grow as in fig.1(a), if the AdS-
Schwarzschild metric is able to describe approximately
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even one step of pair creation, regardless of what non-
perturbative effects are used to generate the corrections.
In fact (10) sharpens the original Hawking paradox,
which arises from a combination of two results:
(i) The no-hair ‘theorem’: any quanta near the hori-
zon get sucked into the hole, so it is hard to get any state
other than the Unruh vacuum around the horizon.
(ii) Hawking’s 1975 computation [1] shows that the
Unruh vacuum leads to pair production with the grow-
ing entanglement (3).
The result (10) then says that we have two sharply
different choices, which we label (A) and (B):
(A) We accept the conclusions of the no-hair ‘the-
orem’, and assume that the vacuum at the horizon is
the Unruh vacuum. If we then want to avoid the conse-
quences of the growing entanglement (3), then we must
have some new physics. For example:
(1) We postulate the different observers see different
things. For example the approach we will call ‘tradi-
tional complementarity’ postulated that observers who
stay outside the hole and observers who fall inside do
not see states in the same Hilbert space, since they can-
not compare observations before encountering the black
hole singularity [9].
(2) We postulate that there is a ‘final state boundary
condition’ at the black hole singularity. The singularity
appears in the ‘future’ of the evolution on the nice slices
of the black hole, so we lose the usual notions of causal-
ity and locality in time. Such a model was proposed in
[10], and has recently been analyzed in [11].
(3) We postulate that high energy physics is local, but
low energy modes have some non-local behavior which
modifies the process of particle creation. Such effects
have been postulated for example by Giddings [12].
(4) We modify assumption (i) of the model in section
2; i.e., we allow quanta that have escaped the hole to be
modified by nonlocal effects even after they have gone
very far. Since Hawking evaporation of a solar mass
hole takes ∼ 1077 years, this means that we are invoking
nonlocal effects over distances ∼ 1077 light years. The
model of [13] attempts to evade the inequality (10) by
effects of this form (though the fact that they need such
nonlocal effects is not made very clear).
(5) We postulate that when two distant systems are
entangled, space-time is modified so that a wormhole
connects them. Such a postulate was made recently by
Maldacena and Susskind [14].
(B) We find a way around the no-hair ‘theorem’. This
requires us to construct structure at the horizon that
‘stays there’ instead of falling in and restoring the state
back to the local vacuum. If the state at the horizon
is not the Unruh vacuum, then Hawking’s computation
of pair creation does not apply, and we are not forced
to have the rising entanglement (3). Such hair has been
found in string theory by the fuzzball construction [16].1
b
c
(a) (b)
Figure 3: (a) Evolution of modes at the horizon, in a situation where
the state at the horizon is given in some approximation by the vac-
uum (b) If we find hair however, then the evolution at the ‘would-be’
horizon can be quite different, and we need not get the formation of
entangled pairs.
The difference between (A) and (B) is illustrated
schematically in fig.3. Fig.3(a) depicts the physics of
(A), where we have not found any way to construct hair.
Thus we have the standard black hole geometry across
the horizon, and we have the creation of an entangled
pair (b, c) in some approximation. Fig.3(b) shows a sit-
uation where we have managed to construct hair; i.e., a
state which does not settle does to the Unruh vacuum at
the horizon. Now the modes involved in the Hawking
process evolve in a completely different way, and we do
not need to have the creation of entangled pairs (b, c).
5. Avoiding a fallacy: ‘the circular argument’
Before discussing in more detail the difference be-
tween options (A) and (B), we wish to note a com-
mon confusion that can blur the sharp distinction be-
tween these two options. Some people say: “I believe in
AdS/CFT, but I don’t trust the AdS-Schwarzschild met-
ric as the correct one inside the hole. So I don’t have
the nice slices used in the derivation of entangled (b, c)
pairs, and so am not concerned with the problem created
by monotonically rising entanglement.”
1The construction was motivated by solutions found earlier in [17].
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But such a statement makes no sense. The informa-
tion paradox arises from the very fact that people were
not able to find a wavefunctional for gravity which re-
sembled the hole outside the horizon but did not auto-
matically continue as the vacuum wavefunctional across
the horizon (the no-hair ‘theorem’). So if someone
wanted to avoid having the vacuum at the horizon then
he has to show a construction of hair which achieves
this, and this is difficult because any quanta placed near
the horizon tend to fall in and restore the local state
back to the vacuum. Thus if someone says that he does
not trust the traditional hole in the interior, but does not
provide a mechanism for ‘hair’, then he is avoiding the
question that is basic to the information paradox: how
do we get something other than the vacuum at the hori-
zon? One should not assume that there will be hair – the
whole problem is to find a construction of hair.
This same fallacy often appears in a slightly different
form. Some people say: “If I define the gravity theory
as dual to a unitary CFT, then won’t I have to get the
information out in the Hawking radiation? And if that
is so, then don’t I know that there will be hair, even
though I do not know the construction of this hair?”
But this argument is incorrect as well, for a rea-
son which can be seen by considering the different
timescales that arise in black hole physics.2 For a
Schwarzschild hole in 3+1 dimensions, the crossing
timescale is ∼ M. The Hawking evaporation timescale
is ∼ M3. If the hole releases information more slowly
than this (say, over times ∼ M4) then we can say we
have a ‘remnant’. The dual to the CFT must be unitary,
but this fact does not tell us which of these three possi-
bilities we get:
(i) The c = 1 matrix model provides a toy model
of AdS/CFT duality. But here we find that the energy
in a collapsing shell bounces back in a time which is
the analogue of the crossing time ∼ M; thus no black
hole forms [15]. This time is also the most ‘natural’
timescale in the CFT: below the black hole threshold,
quanta thrown in towards the center of AdS return back
in ‘crossing time’. What happens is that the CFT agrees
with expectations of 1+1 gravity at low energies, but
stringy corrections modify this expectation when the en-
ergy is increased to the black hole threshold.
(ii) A similar situation holds for other CFTs. Low
energy amplitudes agree between the CFT and grav-
ity. But stringy corrections can create large changes by
2Full details can be found in [18]; here we summarize the argu-
ment.
the time we get to the black hole threshold. The en-
ergy of an infalling shell may be trapped only for times
analogous to ∼ M, as for the 1+1 d case; in that case
there would be no black hole. If a larger trapping time
emerges, then this time could be, say ∼ M4, in which
case we would have a remnant.
(iii) We could hope that the trapping time be ∼ M3,
so that the gravity description contains the analog of a
black hole evaporating at the Hawking rate. But in this
situation we are faced with Hawking’s puzzle: if we
cannot construct a gravity solution that has hair, then
we cannot have the information emerge in the Hawking
radiation.
Thus we see that if we define the gravity theory as
being the dual of the CFT, then we are no closer to un-
derstanding the behavior of black holes: we are still left
with the whole range of possibilities, from no black hole
formation all the way to remnants.
The discovery of AdS/CFT duality was exciting since
it added a lot to our understanding of gravity. For the
first time we had a picture that could encompass all in-
tricacies of quantum gravity, packaged as a CFT that
could be completely solved in principle. But in this ex-
citement many people arrived at an erroneous conclu-
sion that the black hole information paradox had been
resolved as well. The thinking seemed to run: (i) There
is a unitary dual (ii) The most natural situation would
be that information emerge in Hawking radiation (iii)
Since spacetime is only an approximate construct in this
scheme, corrections to Hawking’ computation would
remove the problem of ever increasing entanglement.
But with the inequality (10) we see that step (iii) is
incorrect. We are thus forced to confront Hawking’s
problem in exactly the same terms as before the advent
of AdS/CFT: we must choose one of the two options (A)
and (B) in section 4, and find the physics needed to back
up our choice.
6. The fuzzball construction
The fuzzball construction attains option (B) of sec-
tion 4, by showing how a structure can be constructed
at the horizon which will not ‘fall in’ and return the
horizon to the vacuum state. String theory has extra di-
mensions; let us assume that these are compactified to
circles. Normally we expect that these compact direc-
tions are trivially tensored with the noncompact ones,
and only serve to provide the low energy particle con-
tent of the theory. But near the black hole horizon these
compact directions can ‘pinch-off’ providing an end to
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space-time. The fluxes, branes etc of the theory all ap-
pear in the detailed solution to support this pinch-off
structure. But the essential point is that this structure
cannot ‘fall in’ through the horizon, because the struc-
ture itself provides a way for space-time to end outside
the horizon.
Radiation emerges from the surface of the fuzzball
just as it would emerge from the surface of a piece of
coal. Thus the radiation is not produced by the process
of pair creation at a horizon. Thus we do not recover
the production of even a simple pair (b, c) in any ap-
proximation. We may get some effective dynamics of
the fuzzball when we consider ‘high energy impacts’
(fuzzball complementarity), but it is crucial to note that
this effective dynamics will never be accurate enough
to describe the evolution of the modes involved in the
Hawking process.
In short, the fuzzball construction says that the solu-
tions of string theory at energies above the black hole
threshold live in a different topological class: in this
class the outer region ends without boundary outside the
horizon. This situation gives a structure that does not
‘fall in’ and restore the Unruh vacuum at the horizon.
We can now conjecture what happens to a shell that
is collapsing towards its horizon radius. Consider this
motion using Schwarzschild time t. The shell appears to
slow down as it approaches its horizon radius r = 2M.
At the same time another process starts to happen: the
wavefunction of the shell starts to spread over the entire
phase space of fuzzball solutions, which have the same
quantum numbers as the shell. This spread is rapid be-
cause the number of fuzzball states making this phase
space is very large – the number of states is given by
Exp[S bek]. Thus at late times t we do not get a shell
that reaches r = 2M; instead we get a complicated su-
perposition of fuzzball eigenstates [19]. These fuzzballs
radiate from their surface like a normal body, so we do
not have the creation of entangled pairs, and thus no
Hawking paradox.
The fuzzball proposal been confusing to many people
for different reasons, so we turn next towards clarifying
these issues.
7. Common questions about fuzzballs, and their an-
swers
Let us explain the nature of the fuzzball construction
by going over some common questions:
(a) Are fuzzballs classical or quantum? They are cer-
tainly quantum. Even for the spacetime in this room,
the metric ds2 = ηabdxadxb is only an approximation;
(a) (b) (c)
Figure 4: (a) A collapsing shell approaches its horizon (the dotted
line) (b) a part of the wavefunction of the shell spreads over the space
of fuzzball states (c) after a long time, the wavefunction has moved
out of the shell state and spread completely over the space of fuzzball
states.
what we have really is a wavefunctional Ψ[(3)g, φ] over
3-geometries and any matter fields φ. Similarly, the
fuzzball states should really be thought of as wavefunc-
tionals Ψ[(9)g,Φ] where Φ represents schematically all
the nongravitational fields of string theory. The crucial
point is that the manifolds (9)g appearing in the wave-
functional are in a different topological class from the
manifolds that were traditionally assumed to appear –
the manifolds (9)g in Ψ end compactly before forming
a horizon, while in normal vacuum state at the horizon
they would continue smoothly through into the black
hole interior. This compactness is achieved because the
compact directions are not trivially tensored with the
noncompact ones.
(b) The generic black hole microstate is expected to
have curvatures of order planck scale. How can we
hope to understand anything about about this structure
since any description will be hopelessly messy? The
crucial point is that we can arrange the states in a se-
quence of ‘complexity’. The simplest states in this se-
quence can be explicitly seen to be described by gravita-
tional solutions that end compactly outside the horizon,
and then we can extrapolate to all states.
The situation is analogous to how people looked
for ‘hair’ in the early days of black hole physics.
For a scalar field one would write the ansatz Φ =
f (r)Yl,m(θ, φ)e−iωt and look for solutions f (r) for each
angular harmonic l = 0, 1, 2, . . .. It turned out there were
no hair in this ansatz, but had we actually found valid
solutions f (r) then there would have been no Hawking
puzzle. The solutions for low l would be reliably known.
We would then extrapolate to the cutoff lmax ∼ R/lp
where R is the horizon radius; this would give ∼ (R/lp)2
‘hair modes’, the correct order to match the Bekenstein
entropy. The modes for l ∼ R/lp would be the generic
ones, but they would also be ‘messy’ since all quantum
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gravity effects would have been involved at wavelengths
λ ∼ lp. Nevertheless, if we had found valid solutions
f (r) for l = 0, 1, 2, . . ., we would assume that the generic
hole had a horizon which carried its data, instead of hav-
ing a horizon which was the local vacuum.
The fuzzball construction achieves what the pertur-
bative ansatz Φ = f (r)Yl,m(θ, φ)e−iωt failed to do: it ar-
ranges all states in a sequence of complexity (using the
dual CFT as a guide) and then finds explicit construc-
tions for the ‘hair’ starting from the simplest states. The
generic state is indeed expected to be a quantum mess,
but what is crucial is that the states constructed involve
only solutions that end compactly outside the horizon.
From this we conjecture that all the states of the hole
should be in this new topological class.
(c) If the generic fuzzball is messy and quantum, and
has structure at the planck scale, then is it distinguish-
able from the vacuum, which is also messy and quantum
and has structure at the planck scale? The answer is
yes; the fuzzball state is indeed distinguishable from the
vacuum. In fact the generic fuzzball state is nowhere
near the vacuum which leads to Hawking pair produc-
tion. Understanding the answer to this question is cru-
cial, since it has led to most of the confusions about
fuzzballs, including (a) and (b) above.
The source of this confusion can be traced back to the
formulation of complementarity in the early nineties. At
that time, no construction of hair had been found. Thus
on a ‘good slice’ through the horizon, one had to as-
sume the local Unruh vacuum state. To avoid the infor-
mation problem, new physics was postulated in the form
of an observer dependence of states. In fig.5(a) we de-
pict spacetime seen in Kruskal coordinates. This space-
time is locally a vacuum, with the rightwards sloping
null line giving the position of the horizon. The circu-
lar line depicts a vacuum bubble: a pair of scalar quanta
emerge from the vacuum, live for a while and then anni-
hilate. Such fluctuations are of course part of the natural
physics of the local vacuum.
Now consider the Schwarzschild coordinates for this
situation, which cover only the right wedge of the di-
agram. In these coordinates it appears that a particle
emerged from the horizon, and then fell back in. Quite
generally, it appears that the Unruh vacuum is ‘bubbling
with quanta’ when viewed in the Schwarzschld frame.
This bubbling, in turn can be traced to the fact that the
Schwarzschild coordinates cover only a part of the full
manifold, and at the place where they break down we
have gtt → 0. Similarly, we can consider the vacuum
bubble of a string (fig.5(b)); now in Schwarzschild co-
ordinates it appears that strings emerge and disappear at
the horizon.
Schwarzchild 
coordinate
patch
vacuum
particle
loop
vacuum
string 
loop
(a) (b)
Figure 5: (a) A virtual loop for a scalar particle; in the right wedge
covered by Schwarzschild coordinates, it appears that particles bubble
in and out of the horizon (b) (b) The same situation for a string loop;
now it appears that a string gas lives near the horizon.
One can now postulate:
Traditional complementarity, assumption (i): These
excitations visible in the Schwarzschild frame will
absorb and re-radiate quanta that fall onto the
Schwarzschild hole, acting as a ‘stretched horizon’
which scrambles and returns information back to infin-
ity for the purposes of an outside observer.
But a relativist would have an immediate objection:
these excitations are just vacuum fluctuations seen in
bad coordinates, and when the effects of all these fluc-
tuations is summed over, an infalling quantum should
continue to move unimpeded through the vacuum state
at the horizon. We thus postulate
Traditional complementarity, assumption (ii): For the
purposes of an infalling observer, the physics is indeed
that of smooth infall through a vacuum region.
Now we are faced with a conflict: the ‘no-cloning
theorem’ tells us that we cannot have the information
reflected to infinity by the stretched horizon and also
have the information fall in to the interior of the horizon.
Thus we postulate:
Traditional complementarity, assumption (iii): The
postulates (i) and (ii) are not in conflict because the
observations of an observer who stays outside should
not be thought of as living in the same Hilbert space as
the observations of an observer who falls in. It is true
that both observers can be captured on the same Cauchy
slice through spacetime, but there is not enough time for
these two observers to compare notes before the singu-
larity is reached, and in this situation a single Hilbert
space should not describe all the data on the Cauchy
slice.
To summarize, in traditional complementarity we do
not have any construction of hair. We evade the infor-
mation problem by postulating that the Hilbert space of
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states is not defined using global Cauchy slices; instead
we have observer dependent Hilbert spaces and observ-
ables.
Now let us contrast this with the situation with
‘fuzzball complementarity’, where we do start with an
explicit construction of hair:
Fuzzball complementarity, postulate (i): The states of
the hole are given by wavefunctionals Ψ[(9)g,Φ] where
the (9)g are manifolds in a different topological class
from the Unruh vacuum: they end compactly outside
the horizon due to a pinch-off of one or more compact
cycles. Infalling quanta are absorbed by these ‘real’
degrees of freedom at the horizon, and re-radiated as
Hawking radiation.
Fuzzball complementarity, postulate (ii): The physics
of the modes bi, ci is not reproduced in any approxima-
tion. Thus we do not recover the Unruh vacuum at the
horizon.
Fuzzball complementarity, postulate (iii): If the
fuzzball surface is impacted hard by freely infalling3
quanta with E ≫ T , then to a good approximation
we get collective oscillations of this fuzzball surface.
The Green’s functions defining this collective dynamics
can be obtained using the traditional black hole metric
which has no fuzzball structure but does have the region
interior to the horizon (fig.6).
(a) (b)
Figure 6: (a) Probing the fuzzball with operators at energy E ≫ kT
causes collective excitations of the fuzzball surface. (b) The corre-
sponding correlators are reproduced in a thermodynamic approxima-
tion by the traditinal black hole geometry, where we have no fuzzball
structure but we use the geometry on both sides of the horizon.
To summarize, there is no observer dependence of
physics. The structure of hair is covariant, and not coor-
dinate dependent. Thus we call the fuzzball structure as
3Here and in what follows, ‘freely infalling’ implies that the object
is dropped in from a distance r−R & R. This is in contrast to lowering
the object gently to a position close to the horizon, and then dropping
it in. In particular, measurements made by observers who ‘hover’ near
the horizon are excluded by the the ‘freely infalling’ requirement.
giving ‘real degrees of freedom’ as opposed to the ‘vir-
tual degrees of freedom’ that one obtains by viewing the
Unruh vacuum in Schwarzschild coordinates.
Now we can return to the confusion that we are trying
to clarify. There are two completely different ways in
which one may encounter monopoles near the horizon:
(i) If we have the Unruh vacuum at the horizon,
then we would have virtual loops of monopoles, just
as we had virtual loops of scalar quanta and string in
fig.5(a),(b). We depict such a vacuum loop for the
monopole in fig.7(a).
(ii) By contrast, in a fuzzball solution, the space-
time ends just outside the horizon by the pinch-off of
compact directions. This pinch-off creates a monopole
structure, depicted in fig.7(b), but this is not the struc-
ture of the vacuum loop of fig.7(a).
It is important to not confuse these two appearances
of the monopoles with each other. In (i) we just have
the natural fluctuations of the vacuum, and an infalling
quantum should not get reflected back from these fluc-
tuations (unless we postulate new physics). By contrast
in (ii), spacetime ends at these monopoles. Thus an in-
falling particle cannot really ‘pass through’ to the black
hole interior, and an ‘effective interior’ is realized in a
very different way through the notion of fuzzball com-
plementarity.
vacuum  KK 
monopole loop
region r>2M 
ending in 
monopoles
(a) (b)
Figure 7: (a) A vacuum loop formed by a KK monopole (b) A com-
pletely different situation, where the spacetime in the right wedge ends
in KK monopoles.
To summarize, the fuzzball solutions will indeed be-
come more messy and quantum as we move to generic
fuzzballs, but this should not make us confuse vac-
uum fluctuations (fig.7(a)) with real degrees of free-
dom (fig.7(b)). In particular, vacuum fluctuations like
those of fig.5(a) are present even for a theory of canon-
ical gravity plus scalar fields, but there is no fuzzball
structure for this case. Nor do we get fuzzball structure
by just considering strings moving in the Schwarzschild
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geometry (1). Fuzzballs are a particular nonperturba-
tive construction that require many aspects of string the-
ory.4 With fuzzballs, the production of entangled Hawk-
ing pairs (b, c) is not reproduced to any approximation.
Only high impact (E ≫ T ) processes have an approxi-
mate description in terms of free infall through the hori-
zon.
8. The AMPS argument
The difference between traditional complementarily
and fuzzball complementarity can be seen quite ex-
plicitly in the different ways they addresses the recent
AMPS argument [21] which was formulated tho ex-
clude traditional complementarity.
The analysis of [6] showed that a regular horizon im-
plies rising entanglement. Equivalently, we can say that
if entanglement is to decrease, then the state at the hori-
zon cannot be the vacuum. AMPS adapted this analysis
to suggest a crisp and elegant argument against com-
plementarity [21], which we summarize as follows. Let
Picture 1 describe the physics of an ‘outside observer’,
and Picture 2 the physics of an observer who falls in
smoothly through the horizon.
(a) Consider Picture 1. The radiation {bi} from ear-
lier steps of emission is near infinity. The quantum that
has just been emitted, bN+1 is outside, but close to the
stretched horizon.
(b) Now consider Picture 2. We denote quanta in this
picture with a prime ′. It is assumed that everything
outside the stretched horizon is identical between the
two pictures:
{b′i} = {bi} (11)
b′N+1 = bN+1 . (12)
(c) In Picture 2 we assume that we have the vacuum
at the horizon. Thus the mode across the horizon c′N+1
is entangled with b′N+1 in the manner assumed in Hawk-
ing’s computation. Thus (10) gives
S ′N+1 & S
′
N + ln 2 . (13)
(AMPS ignore the small corrections, setting ǫ1, ǫ2 = 0.)
(d) In Picture 2 we were not looking for unitarity of
evaporation, since the infalling observer did not have
4Ref. ([20]) explains how this construction evades the assumptions
that were implicit in many derivations of the no-hair theorems.
time to measure the entanglement of emitted quanta.
But by (11), (12) we have S ′N = S N , S ′N+1 = S N+1.
Thus we find that, in Picture 1,
S N+1 & S N + ln 2 (14)
This contradicts the fact that in Picture 1 we do want the
entanglement to decrease, after the halfway point, by
approximately ln 2 per emitted bit. Thus AMPS argue,
we cannot have complementarity.
The resolution of the AMPS puzzle in fuzzball com-
plementarity was given in [22]. There have also been
several papers addressing the issue in traditional com-
plementarity, for example [14] which postulated that en-
tangled states should be thought of as joined by worm-
holes. Let us now note the differences between these
different approaches to the AMPS puzzle:
(1) Measurement of the quantum bN+1: In traditional
complementarity, it is postulated that the quantum bn+1
can be measured and will give the same result in pictures
1 and 2.
In fuzzball complementarity, picture 1 is exact while
picture 2 is only an approximation good for reproduc-
ing certain measurements (those appropriate to normal
physics obtained in a freely falling frame). It is shown
(sec.5.1 of [22]) that for an observer that falls freely
from afar towards the horizon, the measurement of bN+1
is a transplanckian process, not covered in the approxi-
mation of fuzzball complementarity. More precisely, if
a freely infalling observer tries to switch on and off a
detector quickly enough to measure bN+1, then he will
get burnt by the observation himself as the time needed
for this switching is shorter than planck time. Thus we
should not try to cover measurements of bN+1 in picture
2. Thus eq.(12) does not hold.
(2) The role of cN+1: In traditional complementarity
we want to get the local vacuum in picture 2, so we ask
that an infalling observer be able to measure the mode
cN+1, and check its entanglement with the measurable
mode bN+1.
In fuzzball complementarity, there is no interior to the
fuzzball surface in the exact description of picture 1. In
the approximate description of picture 2, no analogue
of cN+1 emerges, since the physics of (b, c) modes is not
captured in the approximation inherent in picture 2.
(3) Hovering vs. free infall: The AMPS argument
did not make a distinction between measurements that
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could be made by a freely falling observer and an ob-
server who is fine-tuned to hover near the horizon. Tra-
ditional complementarity makes no such distinction ei-
ther, since all observations outside the stretched horizon
are assumed to me possible and to agree between pic-
tures 1 and 2.
In fuzzball complementarity only the observations
natural to a freely falling observer are expected to be
well approximated by pictures 2, which mimics free in-
fall through a smooth horizon. If an observer is fine-
tuned to hover within some planck lengths of the hori-
zon, then his observations need not be well approxi-
mated by picture 2.
(4) The condition E ≫ T: AMPS make no use of
any energy condition like E ≫ T on the observations
that are supposed to have a complementary description.
Traditional complementarity has not had any such con-
dition either.
In fuzzball complementarity, on the other hand, the
black hole interior obtained in picture 2 is only obtained
in an approximation that gets better as E/T → ∞. The
breakdown of the approximation for the E ∼ T hawking
modes is what allows the information to escape in the
Hawking radiation.
It is important to avoid the following confusion. Con-
sider an observer falling into the hole. In his frame,
quanta of energy E ∼ T have a wavelength λ ∼ R, where
R is the radius of the hole. Thus these quanta do not fit
into the black hole, and so there is no sense in asking for
the dynamics of E . T quanta in the complementary
description of picture 2. We could make this observa-
tion even for traditional complementarity, so one might
think that the condition E ≫ T is somehow implicit in
traditional complementarity as well.
But such is not the case; condition E ≫ T appear-
ing in fuzzball complementarity has quite a different
implication. In fuzzball complementarity the Hawking
modes b, c emerging from the horizon fail to be repro-
duced by the effective geometry of picture 2. (The b
modes have E ∼ T when they reach infinity.) Getting
an approximation where these (b, c) modes are not cap-
tured is very nontrivial: it requires the space-time to first
be altered completely at the horizon (which the fuzzball
construction accomplishes), and then for the effective
dynamics of the fuzzball surface to give rise to an emer-
gent interior. We cannot get to this situation without
first being able to construct ‘hair’. It is also true that the
accuracy of picture 2 for infall improves as E/T → ∞,
but for the information problem it is the issue of outgo-
ing modes b, c that is crucial.
(5) The mechanism for obtaining complementarity:
In traditional complementarity we have the vacuum at
the horizon in picture 2. Most of the approaches to re-
solving the AMPS puzzle have been based on postulat-
ing a nonlocal effect that identifies Hawking radiation
modes at infinity with modes inside the horizon. Such
approaches have been loosely termed A = RB, where A
are the modes in the hole and RB are the Hawking radi-
ation modes at infinity. For example in [14] it is postu-
lated that a wormhole structure connects this radiation
not the interior of the horizon.
In fuzzball complementarity we have no such nonlo-
cal identification of modes; in fact no new physics is
postulated and the fuzzball surface radiates just like a
piece of burning paper. The mechanisms [22] that are
relevant to resolving the AMPS puzzle involve (i) the
fact that the stretched horizon moves outwards before it
is impacted by the in falling quantum (ii) the impact by
a quantum with E ≫ T creates states that are mostly
new, so they are not entangled with the radiation at in-
finity5 (iii) it is the dynamics of these new states that is
captured by picture 2 that mimics free infall through a
smooth horizon. None of these mechanisms appear in
the approaches involving traditional complementarity.
(6) Domain of complementary description: In tradi-
tional complementarity there is no explicit restriction on
how much of the hole is covered by the complemen-
tary description. In fact the entire region outside the
stretched horizon is described by ordinary physics, and
so can be covered in one patch. There is no claim that
we cannot cover the entire interior of the hole as well in
one patch, since we expect the state to be the vacuum for
every observer falling across the horizon (see fig.8(a)).
In fuzzball complementarity, we can describe only
small regions at a time with the complementary descrip-
tion. The condition E ≫ T restricts us to consider
space-time patches that are of size L << T−1 ∼ M.
Thus we can cover one of the patches in fig.8(b), but
if we try to join our description of several such patches
together, then there will be a mismatch in the overall
region. This mismatch will be in modes of the type in-
volved in the Hawking process; in fact this mismatch is
what allows Hawking radiation to carry information in
the complementary description.
(7) Physical effects: The above differences in the res-
olutions of the AMPS puzzle also lead to a difference
5The observation that new states are involved is also involved in
the discussion of [23].
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(a) (b)
Figure 8: (a) In traditional complementarity nothing constrains us
from having the domain marked by the ellipse as the region where the
complementary description applies. (b) In fuzzball complementarity,
the complementary description is good only with the small patches
indicated by circles; the approximation involved in complementarity
starts to fail if we try to join such small patches into line large patch.
in the eventual physics effect that we get for infall into
black holes. Consider a black hole which is maximally
entangled with its radiation R. Now suppose we con-
sider an server who jumps into the black hole. For tra-
ditional complementarity, it was a argued in [14] that the
physics felt by this observer can be altered by making a
unitary transformation R → UR on the far away radia-
tion. In particular, whether this observer sees a smooth
horizon or a firewall would depend on the operation U.
By contrast, in fuzzball complementarity the black
hole and its radiation are just ordinary quantum sys-
tems that happen to be entangled. We cannot change
any physical effects concerning the hole by operating
on the far away radiation R.
To summarize, traditional complementarity has vir-
tual degrees of freedom at the horizon; since there is no
construction of hair, the state at the horizon is the local
vacuum. Fuzzball complementarity starts with a con-
struction of hair, so there are real degrees of freedom
at the horizon, which cause space-time to ‘end’ there.
The interior of the hole is then obtained only as an ef-
fective approximation, where the modes (b, c) involved
in the Hawking process do not survive the approxima-
tion. The consequences of this difference are very large,
as can be seen from the very different ways that they
address the AMPS argument.
9. Conclusion
The inequality (10) derived using strong subadditivity
has three important consequences for back holes:
(a) Some people had the belief that the idea of
AdS/CFT duality removed the need to worry about the
information paradox. The idea was that since the black
hole spacetime is only an approximate description of a
unitary underlying CFT, nonperturbative effects that are
non-geometric in the original spacetime would be able
to reduce the growing entanglement (3). The inequality
(10) shows that this belief is false; no small corrections
can solve the problem, and we are back to square one on
the information problem. Thus we must either have new
physics (option (A) of sec.4) or find a way to construct
hair (option (B) of sec.4).
(b) The fuzzball construction realized option (B) by
giving a construction of hair. But some people believed
that this construction described only a special subclass
of states; generic states of the hole would behave effec-
tively like the vacuum near the horizon. The inequality
(10) shows however that if we are to realize option (B),
then all states of the hole need to be fuzzballs. If some
states did reduce to the vacuum for the purposes of low
energy modes, then we could not remove the entangle-
ment problem (3) by any set of small corrections. We
would then need to invoke ‘new physics’, some exam-
ples of which were listed in sec.4.
(c) The fuzzball construction led to the notion of
fuzzball complementarity. Here the dynamics of the
modes (b, c) involved in the Hawking process is not
reproduced in the complementary description, but the
physics of observers who fall freely onto the fuzzball
surface can be given an approximate complementary
description that mimics infall through a smooth hori-
zon. By contrast traditional complementarity requires
the state at the horizon to be the vacuum, so that the
b, c modes involved in the Hawking process should ex-
hibit the entanglement required from a local vacuum.
This leads to a very different set of approaches to re-
solving the AMPS puzzle. In fuzzball complementarity
we invoke no new physics, while in traditional comple-
mentarity most of the proposed solutions invoke nonlo-
cal A = RB type approaches that postulate a nonlocal
identification between radiation modes far away and the
interior of the hole.
Acknowledgements: This work was supported in part
by DOE grant DE-FG02-91ER-40690. I thank Steve
Avery, Borun Chowdhury and especially David Turton
for many helpful comments. I thank the organizers of
Light Cone 2012 for inviting me to talk.
11
References
[1] S. W. Hawking, Commun. Math. Phys. 43, 199 (1975) [Erratum-
ibid. 46, 206 (1976)]; S. W. Hawking, Phys. Rev. D 14, 2460
(1976).
[2] D. N. Page, “Expected Entropy Of A Subsystem,” Phys. Rev.
Lett. 71, 1291 (1993) [arXiv:gr-qc/9305007].
[3] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J.
Theor. Phys. 38, 1113 (1999)] [arXiv:hep-th/9711200]; E. Wit-
ten, Adv. Theor. Math. Phys. 2, 253 (1998) [hep-th/9802150];
S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Phys. Lett. B
428, 105 (1998) [hep-th/9802109].
[4] S. W. Hawking, Phys. Rev. D 72, 084013 (2005) [hep-
th/0507171].
[5] J. M. Maldacena, JHEP 0304, 021 (2003) [arXiv:hep-
th/0106112].
[6] S. D. Mathur, Class. Quant. Grav. 26, 224001 (2009)
[arXiv:0909.1038 [hep-th]].
[7] S. G. Avery, JHEP 1301, 176 (2013) [arXiv:1109.2911 [hep-
th]].
[8] S. G. Avery, B. D. Chowdhury and A. Puhm, arXiv:1210.6996
[hep-th].
[9] G. ’t Hooft, hep-th/0003004; L. Susskind, J. Math. Phys. 36,
6377 (1995) [arXiv:hep-th/9409089]; L. Susskind, L. Thor-
lacius, J. Uglum, Phys. Rev. D48, 3743-3761 (1993). [hep-
th/9306069]; L. Susskind, Phys. Rev. Lett. 71, 2367-
2368 (1993). [hep-th/9307168]; D. A. Lowe, J. Polchinski,
L. Susskind et al., Phys. Rev. D52, 6997-7010 (1995). [hep-
th/9506138].
[10] G. T. Horowitz and J. M. Maldacena, JHEP 0402, 008 (2004)
[hep-th/0310281].
[11] S. Lloyd and J. Preskill, arXiv:1308.4209 [hep-th].
[12] S. B. Giddings, “Nonviolent information transfer from black
holes: a field theory parameterization,” arXiv:1302.2613 [hep-
th].
[13] K. Papadodimas and S. Raju, “An Infalling Observer in
AdS/CFT,” arXiv:1211.6767 [hep-th].
[14] J. Maldacena and L. Susskind, arXiv:1306.0533 [hep-th].
[15] M. Natsuume and J. Polchinski, Nucl. Phys. B 424, 137 (1994)
[arXiv:hep-th/9402156]; S. R. Das and S. D. Mathur, Phys. Lett.
B 365, 79 (1996) [arXiv:hep-th/9507141]. J. L. Karczmarek,
J. M. Maldacena and A. Strominger, JHEP 0601, 039 (2006)
[arXiv:hep-th/0411174].
[16] O. Lunin and S. D. Mathur, “AdS/CFT duality and the
black hole information paradox,” Nucl. Phys. B 623, 342
(2002) [arXiv:hep-th/0109154]; O. Lunin, J. M. Maldacena and
L. Maoz, “Gravity solutions for the D1-D5 system with an-
gular momentum,” hep-th/0212210; I. Kanitscheider, K. Sk-
enderis and M. Taylor, “Fuzzballs with internal excitations,”
arXiv:0704.0690 [hep-th]; I. Bena and N. P. Warner, “Black
holes, black rings and their microstates,” Lect. Notes Phys.
755, 1 (2008) [arXiv:hep-th/0701216]; V. Balasubramanian,
E. G. Gimon and T. S. Levi, “Four Dimensional Black Hole
Microstates: From D-branes to Spacetime Foam,” JHEP 0801,
056 (2008) [arXiv:hep-th/0606118]; V. Jejjala, O. Madden,
S. F. Ross and G. Titchener, “Non-supersymmetric smooth ge-
ometries and D1-D5-P bound states,” Phys. Rev. D 71, 124030
(2005) [arXiv:hep-th/0504181]; B. D. Chowdhury and A. Vir-
mani, “Modave Lectures on Fuzzballs and Emission from the
D1-D5 System,” arXiv:1001.1444 [hep-th].
[17] V. Balasubramanian, J. de Boer, E. Keski-Vakkuri and
S. F. Ross, Phys. Rev. D 64, 064011 (2001), hep-th/0011217;
J. M. Maldacena and L. Maoz, JHEP 0212, 055 (2002)
[arXiv:hep-th/0012025].
[18] S. D. Mathur, arXiv:1108.0302 [hep-th].
[19] S. D. Mathur, arXiv:0805.3716 [hep-th]; S. D. Mathur, Int. J.
Mod. Phys. D 18, 2215 (2009) [arXiv:0905.4483 [hep-th]].
[20] G. W. Gibbons and N. P. Warner, arXiv:1305.0957 [hep-th].
[21] A. Almheiri, D. Marolf, J. Polchinski and J. Sully, “Black
Holes: Complementarity or Firewalls?,” JHEP 1302, 062 (2013)
[arXiv:1207.3123 [hep-th]].
[22] S. D. Mathur and D. Turton, arXiv:1306.5488 [hep-th].
[23] E. Verlinde and H. Verlinde, “Passing through the Firewall,”
arXiv:1306.0515 [hep-th]; E. Verlinde and H. Verlinde, “Black
Hole Information as Topological Qubits,” arXiv:1306.0516
[hep-th].
12
